o

- S N
Report No. DOT/FAA/RD-81/60 LEVE[ gix / )
DOT/FAR/CT-81/15 MENE

ANALYSIS OF A NONLINEAR ALTITUDE TRACKING METHCD

Barry R. Biliman

FEDERAL AVIATION ADMINISTRATION TECHNICAL CENTER
Atlantic City Airport, N.J. 084056

ADA10OBR7E

FINAL REPORT

NOVEMBER 1981

DNC FILE copy

Document is available to the U.S. public through
the Nationai Technical Information Service, D I I( :

S

Springtield, Virginia 22161.

Prepared for

U. S. DEPARTMENT OF TRANSPORTATION

ELECTE

DEC 28 1981,
FEDERAL AVIATION ABMINISTRATION

Systems Research & Develepment S3rvice

Washingin, 0. C. 20590 2112 28054

e e —

.



NOTICE

This document is disseminated under the sponsorship of
the Departmeant of Transportation in the interest of
information exchaige. The United States Government
assumes no liability for the contents or use thereof.

The United States Government does nnt endorse pfoductz
or wmanufacturers, Trade or manufacturer's names appear

h2rein solcly because they are considered essential to
the object of this report.

e ———

Lo Ay -

[V S,



e

Technical Report Dacument~si~- Pege

1. Report No. 2. Governmant! Accession Ne. ) Recipient s Catalog No T
- )
| DOT/FAA/RD-81/60 4 Dl] A
4. Title end Subtitle § Repart Dare T~ 77T -
November 1981
ANALYSIS OF A NONLINEAR ALTITUDE TRACKING METHOD 6. Performing Organination Code
7. Authorls) Barry R. Billmann " Perlermina Orention Rapert e
-
DOT/FAAACT-81/15
9. Pertorming Qrgenization Nome end Addrass 10. Werk Unit No. (TRAIS)
Federal Aviation Administration
Technical Center 117 Contract or Grant Ne
Atlantic City Airport, New Jersey 08405 052-242-320

V3. Type of Repert and Period Coverad

12, Spensering Agency Neme end Adérass

U.S. Department of Transportation Final

Federal Aviation Administration Sepc.ember to December 1980 |
Systems Research and Development Service 14. Sponsering Agency Code

Washington, D.C. 20590 ARD-200

15. Supplementery Notes

14. Abstract

i8 report asnalygzes the performance of the nonlinear altitude rracker developed
for the Active Beacon Collision Avoidance System (BCAS) by Lincoln Laboratory.
The tracker is intended for use in the collision avoidance logic of the BCAS
system. The nonlinear tracker performance was characterized through comparisons
with the previous altitude tracker. The original tracker, used by the collision
avoidance logic, was a simplistic Alpha-Beta (e=-8#) tracker.

The nonlinear tracker performance evaluation was conducted in three phases: (1) The
stand-alone error characteristics of the tracker were obtained. Simulated mode C
report sequences were provided directly to the tracker. (2) The nonlinear tracker
was integrated directly into the collisioh avoidance logic. With the use of the
Fast-Time Encounter Generator (FTEG), a comparative study of performance with the
nonlinear tracker versus the @ - f tracker was made. (3) Selected live flight
test encounters were used to analyze the relative performance of the & - 8 tracker
versus the norlinear tracker. . Por .5 )

The stand-alone analysis revealed that the nonlinear tracker consistently had
smaller maximal errors ‘in vertical rate estimation and a semaller transient rate
response delay than did the @ - § tracker. Both the live flight cest encounter
simulations and the FTEG scenario simulation indicated that nonlinear trackirg
often caused an increase in separation for encounters with vertically accelerating
threats and reduced occurrences of inccrrect command sense choice..

17. Koy Words 18. Distribution Stetement

Nonlinear Altitude Tracker Document is available to the U.S. public
Alpha-Beta Tracker through the National Technical Information
Fast-Time Encou..ter Generator (FTEG) Service, Springfield, Virginia 22161
Beacon Cnllision Avoidance System (BCAS)
19. Security Classil, (of thin repert) . Suevrity Clessif. (of this page) ] 21. Ne. of Peges ] 22, Price

]
L unclassified Uaclassitied | 51 |
Ferm DOT F 1700.7 .72 Repredustion of completed page suthorized

. fos
V/ [
e - TOMESES o s s s S TR e e VRO A AR AR 1T S . AN . MR A NP e e o




D >

METRIC CONVERSION FACTORS

i(l

|

IH!I’IIN

Te Fiwd

Apprezimets Conversions from Metric Mesowrss
Maltigly by

Symbol Whes You laow

-

Te Find

Approximets Conversions ts Metric Measures
Meltigly by

Whea Yes Rasw

Syubet

seeli AR Y]
{11
it HK
& 231-2 § 2ra:
w «
I 'i\

w o a

Bfect

ﬂ ‘Ll

IIIIIIN! III!'IIII!II"'IIIIIIHIIIII ‘lllllillllllll'lll

L] 1

5844

LENGTN
2
k

diid

sxYi

N2

”n 1N "

Ll

Ty 2

ll"lllll

Tp]TfWWTPP]T[ﬂW“P“‘

i

8-
o ~n -~

MASS

?

i

oI.

Bnon ol

3 4

'Y =

Illl‘lllillllllllll‘lm‘lll

"'r"|"'1"'!"'1"'|"‘|"I"'r"l"|'

veLyme

ll!ll’lll

L TR
[ .
iilii
i
5.0 0 S
s
'S
i
i i
1L

3 3

FTE----%%

eaaooan..’

td! i

l\llﬂl'H'L:IIIIIII\IIH‘IIN lllllllh

TEMPERATURE (exnct)

[T BT

nh

lllllilllllllllllll

WTWTNTHT

$/9 ishes

¥

. 8o
. ] ar—o

—40
.

inchas

A CAB T S e ST e QTR 0] 18D wew MBS Woac P WG,
2%, S0 Catng T4 5286

oz 58 comit e bos

1.
Ui ot Beghi ang Veseaes, e b)

-

R G




ACKNOWLEDGEMENTS

The author wishes to express appreciation to Richard Cleary of the Federal Aviation
Administration Tecknical Center. Mr. Cleary was instrumental in identifying flight
test Active Beacon Collision Avoidance System tracking anomalics discussed in this
report. The author also wishes to express appreciation to John Andrews of Lincoln
Laboratory, the deve'oper of the nonlinear tracker analyzed in this reporrt.
Mr. Andrews showed extireme patience in listening to and anawering questions about

the tracker.

A_coul;on Yor

ERIRC T S~ ¢

DTIC TAB 0

Justitieation DTIC
oy ELECTEJ
| Distribution/ o DEC 28 1981 ;

Availelility Codes
Avail and/or
Dist Special [}

ft

iii




TABLE OF CONTENTS

INTRODUCTION

Purpose
Scope
Background

DISCUSS1ON

Previous Vertical Tracker
Initial Flight Teat Results
New Nonlinear Tracking Approach

RESULTS AND ANALYSIS

Stand-Alone Steady Steate Performance

Acceleration Performance

Deceleration to Level Flight Conditions
Deceleration to Other than Level Flight Conditions
Pitchover Maneuvers

Stairstep Maneuver

Fast-Time Encounter Geaerator

Review of Live Flight Test
CONCLUSIONS
RECOMMENDATIONS
REFERENCES

APPENDIX

Page

e e

[ S,

ot



e

——— = ——
———— e e S—

Figure

10

11
12

13

14
15
16

17

18

19

LIST OF ILLUSTRATIONS

Rate urd Position 35-Second Projection Error Cycles
(8 =0.10)

Level Flight Mode C Report Excursion Patterns

Mode C Excursion-Induced Tracked Rate Errors

Comparison of Limit Cycle Oscillation for 500 Ft/Min Climd
Maximal Error Comparison for Final Steady State Climd

Comparison of Acceleration Perfornmance — Acceleration
Rate = 0.25 g, Final Rate = 1,000 Fc/Min

Cowmparison of Acceleration Performance — Acceleration
Rate = 0.25 g, Final Rate = 2,000 Ft/Min

Comparison of Acceleration Performance — Acceleration
Rate = 0.25 g, Fincl Rate = 3,000 Ft/Min

Slow Acceleration and Nonconstaac Bin Occupancy Performance
Comparison

High Acceleration and Nonconstant Bin Occupancy Performance
Comparison

Deceleration to Level Flight Condition Performance g = =0.1
Deceleration to Level Flight Condition Performence g = -0.5

Comparicon During Deceleration to Fixed Rate Other Than
Level Flight

Pitchover Maneuver Performance Comparison
Typical Stairstep Maneuver
Stairstep Maneuver Performance Comparison

Unequipped Intruder Encounter Sequence Which Results in
Incorrect Sense Choice

GCeometries Used iu Comparison of Detection Performance

Vertical Profile of DC-9 Encounter

vii

Page

10

12

13

14

13

k7

2¢
21

24

25
27
28

3

31

-

o e———



e emaa—i AS  rEAKERSN

Figure
20
21

22

Table

LIST OF ILLUSTRAT{ONS (Continued)

Live Flight Test Encounter — Alpha-Beta Tracking Results
Live Flight Test Encounter —— Nonlinear Tracking Resultas

Tracker Responses for DC-9 Vertical Profile

LIST OF TABLES

Quantization-Induced Cyclic Peak Error in the Rate Estimate
and the lmpact on the Projected Position § = 0.10

Trackers Response Dclay as a Function of 8

Comparison of Time-Dependent Average Error Magnitudes During
Accelerations — E; in Ft/Sec

Comparison of Time-Dependent Average Error Magnitudes During
Decelerations to Level Flight

Comparison of Tracker Response Delays Following -0.5 g
Pitchover Maneuver to ~-1,000 Ft/Min

Reduction in Duration of Incorrect Sense Choice Periods in
Seconds Achieved with Nonlinear Tracking
(-0.25 g Deceleration)

Raduction in Duration of lncorrect Sense Choice Periods in
Seconds Achieved with Noniinear Tracking
(~0.5 g Deceleration)

viii

Page
35
35

36

Page

18

23

26

32

33

_ [ ——

.




—— -

et o——— " S - = m e

INTRODUCTION

PURPOSE.

The purpose of thie report is to
describe the analysis of the nonlinear
tracker algorithms developed by Lincoln
Laboratory (reference 1). The nonlincar
tracker was developed to replace the
current alpha-dbeta (@ - B ) tracker in
the Active Beacon Collision Avoidance
System (BCAS) intruder and own aircrafc
tracking logic (reference 2). Tae
report documents the performance of the
nonlinear tracker in terms of vertical
rate error characteristice and vertical
separation at the closest point of
approach (CPA) following BCAS comsands.

SCOPE.

This report is intended to characterisz>
the impact of the mode C altitude report
quantiszation on vertical rate tracker
estimates. This repor:z presents results
of iast-time simulations of nonlinear
tracker performance.

An analysis was made of the stand-alone
vertical rate and position error charac-
teristics and comparison with the
performance of the a - 8 vertical
rracker using specially developed
conflict scenarios and encounters based
on live BCAS flight test data.

BACKGROUND,

The BCAS logic requires the accurate
sequential estimation of own aircrart's
and the intruder's vertical pos.tion ard
vertical rate. This information is
generated every logic cycle (nominally
every second) in the own aircraft and
intruder aircraft tracking modules. In
the presence of missing target reports,
the tracking wmodules can coest the
vertical position and verticel rate
based on previous track history. On
every logic cycle after the logic hus
updated own and intruder aircrafc
tracks, the vertical position and rate

e

estimates are used to perform up to
three vital collision resolutica
functions.

The first function is to determine which
intruders are threats and i! a reso-
lution advisory is required. Previous
tcsting of the BCAS logic showad that
the errors associated with thea - §
tracked vertical position and vertical
rate only caused 2 l- to 5-second
variation in the time at which the BCAS
commanc firet appeared (r ference 13).

The second use is to determine the sense
of escape maneuver. Active BCAS can
only provide escape renrolution in the
vertical dowmain. The sense of maneuvar
is selected by modeling an own aircrafc
response to, first, a climdb command
and, then, a descent command. The sense
of xareuver which would provide the
greater scparation at CPA is then
selected, Sense selection is made on
the first logic cycle that the intruder
is declared a cthreat. Once selected,
the sense of command for a specific
intruder does not change throughout the
encounter.

Since che *-ase is selected only once,
it is imperative cthat the occurrunces of
incorrect sease choices be minimiszed.
To determine the threat's vertical posi-
tion at CPA, the BCAS logic projects the
threat's vertical position at time of
detection. The projection, which is
based on the tracked vertical ruate of
the intruder at time of detection, wmay
entail as much as a 35-sccond position
projection. As a result, the peak error
in the c¢racked vertical rate at tiae
of detection can be multiplied by 35 in
the determination of the threat's
projacted vnrtical position at CPA,
Duving previous testing of the BCAS
logac, it was discoverel that the peak
errors in the vertical rate estimcte
provided by the o - # tracker often
resulted in an incorrect sense choice
and wmarginal separation performance
(reference 3).




The third use of the tracked vertical
poeition and rate is wmade in the
determination of the severity of the
BCAS command. The logic selec.s one of
three types of mancuvers: positive
commands (climb or descend); ncgative
commands (do not deacend or do not
climb); or vertical apeed limit commands
(limit descent rate or limit climbd
rate). The positive commands are the
most severe, since they require a
positive responce by the BCAS aircraft
to generate separation. Negative and
limit commands may not require a change
in the BCAS aircraft's vertical rate in
order to provide proper separation.
Unlike the zense of the command, command
severity cvan transition during an
encounter poriod. The only requirement
is that, once a particular command
severity 1s selected, it must be dis-
played for at l=ast 5 seconds prior
to changing.

Logic testing has not detected a command
severity selection problem that can be
traced to errors in vertical rate
estimation. The major impact on large
performance caused by errors in vertical
rate estimation occurs in the area of
sense selection.

DISCUSSION

PREVIOUS VERTICAL TRACKER.

The inputs to the BCAS vertical tracking
logic are the mode C altitude reportas.
These reports provide altitude infor-
mation to the neareat 100 feet. The
ideal vertical tracker must provide
accurate position and rate estimates in
epite of the 100-foot granularity in the
inpur Jata. Through optimization of the
@ (altitude tracking conatant), and
8 (rate tracking constant) parameters,
the @ - 8 tracker attempts to provide
smocth vertical vate estimates without
excegeive delays in detecting rate
charnges, The a - 8 vertical tracker
used by the Active BCAS logic originated

with the intermittent positive control
(IPC) collision avoidance algovithms
(reference 4).

With consistent l-second updatea, the
vertical position eptimate of thea-p
tracker at time ¢t is Z(t) where

2(t) = (l-a)*(z(t=1) * Z(c-1)) +a#2,(¢)

(i)

vhere 2(t) and Z,(t) are the rate
estimate and wmode C report at time t,
The altitude tra. ing constant a = 0.4,

?he vertical rate estimate at time t is
Z(t) and is obtained as follows:

2(c) = (1=-M%2(c-1) + B*(2 (t) - 2(t=1))

(2)

where the origiual, altitude rate
tracking constant was 8 = 0.15.

During perivds of mi.sing data rceports
{up to 10 seconds) (1) is repiaced by

Z(t) = 2(t-act) + Z(c-ac)wat (3)

where the duration of the missing data
period 18 At.

During this eeriod. the rate estimate .-
a constant, 2(t-at). The initial evalu-
ation of the BCAS collision avoidance
logic indicated that the probability of
incorrect sense choices for threats
maneuvering at constant vertical rvates
was significant. These sense choice
problems were traced to the errors in
the rate estimate at the time of threat
detection (references 5 and 6). Since
the original 8 parameter value (0.15)
was based on the 4.7-second update rate
of IPC, the presence of the l-second




.

— e e ——- = -

update rate of Active BCAS caused iarge
quantisation induced errors in the rate
estimate. In turn, the projection of
these large rate errors tor up to 133
seconds caused an incorrect relative
position projection at CPA,

Fcllowing a study by Broste {(reference
7), the p parameter was reduced f-om
0.15 to 0.10. This change ceaused the
rate estimate to be more heavily
smoothed by previous track hiatory, at
the cost of a slight loss in the
tracker's transient rate response time.
Feference 7 dewmonatrates a significant
reduction in the root mean square error
in the rate estimate when § is reduced.
Hovever, it is important to note that
since the sense selection is the resule
of the stochastic condition of the rate
estimate at & single instant in time, it
is the control of the maximal ervor in
the rate estimate that should be of
primary concern. With 8= 0,10, the
cyclic errors in the vate estimate and
the possible error in the vertical
position projection for a constant 500
feet per minute (fc/min) vertical
maneuver are shown in figure 1. The
mode C reporte are also shown in
figure 1.

At a constant 500-ft/min vertical rate,
the mode C report will change once every
12 ~econds. The peak quantigation-
induced error in the rate estimate
exceeds 8 feet per second (fi/wec).
This is the magnitude of cthe vertical
rate (500 ft/min = 8.33 fc/sec). The
peak error in the rate estimate occurs 2
seconds after the mode C report changes.
The error in the rate cstimate rvesults
in a cyclic error in the position
projection. During the 12-second
tracking error cycle, the error in the
projected position exceeds 200 feet, six
times,

Similar analysis of the cyclic errors in
the rate es.imate caused by quantiszation
vas performed for constant race
maneuvers between 500 and 3,500 ft/min
in incremeants of 100 ft/min. The peak

error in the rate estimate ard the
proportion of time the projected posi-
tion error exceeded 200 feet are shown
in table 1.

Table | indicates that the largest
percentages of projected position error
are associated with vertical rates
between 500 and 1,100 ft/min. Norazero
probadbilicties of the projection error
exceeding 200 feet appear again bherween
1,600 and 1,900 ft/min and between 2,700
and 3,200 ft/win. Rates in the range of
1,600 to 1,900 ft/min are characterised
by time intervals between mode C transi-
ticne which (when quantiszed in seconds)
d> not result in conatant time measure~
ente betwewn mode C report transitions.
At i.500 ft/min, the mode C report
changzs every &4 seconds; it changes
every 3} seconds at 2,000 f¢/min. Therte-
fore, rates between 1,500 and 2,000
ft/min cause mode C repori transitions
to cycle between 3 and 4 seconds. It is
this pattern of gquantiged time measure-
ments which are not conatant that cause
the peak errors in the rate estimate.
The same is true in the 2,700- to 3,200~
fr/min range. Except at the 3,000-
fc/min rate where the transition pariod
is a constant 2 seconds, each of the
rates represeal nonconatant transition
periods. For 2,700-to 2,900-ft/min
rates, the rransition period cvcles
betveen 2 and 3 seconds. For ratce
above 3,000 ft/mir, it cycles between
1 and 2 seconds.

INITIAL FLIGHRT TEST RESULTS. .

Initial live flight tests were conducted
with an a ~ B tracker performing the
internal BCAS logic vertical tracking
funcrtion. The parameter values vere
ae 0.4 and g = 0.l. Almost immedi-
ately, problems in aense choice were
detected for intruders which were
essentially in level flight. The sense
choice prodiems were traced to wmode C
report boundary transitiona. The
patterns of wode C reports caused by the
boundary transitions are called mode C
excursions.
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TABLE 1.

RATE
(ft/min)

500

600

700

800

900
1,000
1,100
1,200
1,300
1,400
1,509
1,660
1,700
1,800
1,900
2,000
2,100
2,200
2,300
2,400
2,500
2,600
2,700
2,800
2,900
3,000
3,100
3,200
3,300
3,400
3,500

QUANTIZATION-INDUCED CYCLIC

DATA RECORDED AND PROCESSED ]
BY THE FAA TECHNICAL CENTER

PEAK ERROR IN THE RATE ESTIMATE AND THE

IMPACT ON THE PRGJECTED POSITION 6 = 0.10

PEAK ERROR PROPORTION OF TIME PROJECTED !
(fe/sec) POSITION ERROR EXCEEDS 200 FT !
8.15 0.50
7.96 0.30
8.31 0.23
8.03 0.06
7.35 0.09
5.719 0.17
6.81 0.09
4.90 0.00 |
6.57 0.07 !
4.67 0.00
3.92 0.00
5.72 0.07
6.73 0.05
4.90 0.00
6.55 0.09
2.84 0.00
4.74 0.00
5.62 0.00
5.08 0.00 y
3.19 0.00
4.50 0.00
3.82 0.00
5.97 0.06
6.41 0.07
8.23 0.07
1.61 0.00
8.22 0.07 ;
6.40 0.08 :
4.83 0.00 |
6.21 0.02 J
4.99 0.0% ‘
5
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Examples of mode C excursions seen ir
live flight testing are shown in
figure 2,

3100 — 3100
]
- e e . — e w——— st gy e oo ot (V]
w 30 30 30 0 » 3 §
1S
E 10001 UNREINFORCED MODE C EXCURSION oo £
2 5
£ L) 30 30 30 s
o . _Mm H
< O
REINFORCED MODE C EXCURSION
1900 |~ 2900
1 1 1 I L1 Il
12 - ] 1 2 3 ]
TIME (SECONDS) 81-15-2
FIGURE 2. LEVEL FLIGHT MODE C REPORT

EXCURS1ON PATTERNS

In the first case, the intruder is in
level flight near the mode C transition
boundary of 3,050 feet. A slight
deviation in the flight path takes the
aircraft above the transition boundary
causing a 100-foot change in the quan-
tized altitude report. If the aircraft
returns to trelow 3,050 feet on the next
cycle, the 3,100-foot mode C report is
not reinforced. On the other hand, the
aircraft can remain above 3,050 feet and
the 3,100~foot mode C report can be
reinforced. The quantization-induced
rate errors for these two mode C
excursions are shown in figure 3.

Although the intruder's flight parh is
nearly level, the slight altitude
deviations across the mode C transition
boundary can induce significant errors
in the rate estimate. For the
unreinforced excursion, the peak error
of 10 ft/sec occurs when the mode C
report changes. The rate error decays
once the mode C report returns to
its previous value. The peak error of
10 ft/sec could cause & 350-foot error

in the projected vertical position. In
the unreinforced case, the error in the
rate estimate is depressed below “he
threshold for a 200-foot error in
projected position | second after the
initial excursion.

For crses where the aircraft remains
above the transition boundary rein-
forcing the mode C excursioa, the peak
error in the rate estimate occurs 2
seconds after the mode C transition.
The peak error of 16.5 ft/sec could
cause the error in projected position to
exceed 575 feet. When the aircraft
remains abc re the transition boundary,
the induced errors in the rate estimate
remain above the 200-foot position error
threshold for 10 seconds. This analysis
reveals that with a - 8 tracking
(a= 0.4 and B =0.1) mode C
quantization-induced rate errors can
remain above the rate threshold that
causes 200-foot errors in position pro-
jection for ! to 10 seconds, depending
on the duration of the mode C excursion.

Both mode C excursion patterns
investigated occurred often in flight
testing. Logic changes were made to
control the impact of the induced rate
error caused by mode C excursions.
Without abandoning a - B tracking, the
following CAS logic changes were made:

1. 1In order to make the tracker
leas sensitive to mode C transitions,
the rate tracking constant 8 was reduced
to 0.05.

2. The sense choice logic became a
“"balanced" logic, in the sense that
neither a climd nor descent avoidance
maneuver was favored. Previously,
sense choice logic had favored the
selection of descent sense maneuvers.

3. A rate clip parameter, ZDLVL,
was added to the sense choice logic. If
the rate estimate was less than 10
ft/second any sense selection that might
occur on that logic cycle was based
strictly on relative vertical position.
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Subsequent flight ctesting verified
that theae logic changes eliminated
sense choice problems associated with
mode C excursions for asircraftc
esscntially in level flight. However,
the reduction of 8 to 0.05 has signifi-
cantly reduced the tracker's acceler-
ation detection capabilities. Broste
(reference 7) uses the term "tracker
equivalent wmemory" to characterize che

TABLE 2. TRACKER RESPONSE

Rate Tracking Constant

MODE C EXCURSION-INDUCED TRACKED RATE ERRORS

tracker's transient rate response time

as a function of o and p. Tracker
equivalent memory approximates che !
response time f an @ - § tracking !

system to input transitions and identi-
fies the tracker's ability to detect
accelerations. Table 2 shows the cost
incurred in terms of acceleration detec-
tion with the reduction of B to 0.05.

DELAY AS A FUNCTION OF §

Tracker Response Delay-
Equivalent Memory i H

] (Seconds)
0.15 6.87
0.i0 9.06
0.05 14.46
}
L
) ;
| ‘%
( |
; ¥
B eI T e - -~ '
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The increase in smoothing of the rate
estimate with the reduction of # tec 0.05
from 0.15 has resulted in the doubling
of the tracker's transient rat: response
delay. This delay, during vertical
accelerations by intruder aircraft,
could critically impact BCAS threst
detection by inducing delayed alarms
causing insufficient separsation.

NEW NONLINEAR TRACKING APPROACH.

In order to provide for smcother rate
estimates without causing a signifi-
cant increase in the tracker's transient
rate response delay for certain condi-
tions, Lincoln Laboratory has developed
a new nonlinear tracking scheme. The
tracker, which is considerably more
complex than the o~ 8 tracker, makes
greater use of the mode C report history
than the a — B tracker. The description
of the tracker is preseunted in appendix
A. The remaining portions of this
report present the resulcs of the
comparison of the nonlinear tracking
performance with the a- 8 tracking
performance (a = 0.4, 8 = 0.05).

RESULTS AND ANALYSIS

The analysis of the nonlinear tracker
performance was conducted in three
phases. The first characteristic
analyzed was the maximal error in the
rate estimate for a given constant rate
vertical maneuver. To avoid the
influence of tracker initialization
procedures, the trackers were exercised
with the fixed vertical rate isode C
inputs until the trackers reachied steady
state conditions. The resulting :racker
steady state conditions may contain
oscillations in rate estimation. These
oscillations are called limit cycle
oscillations (reference 9) and appear in
4 repeatable pattern. A comparison is
made between the maximal errors in the
limit cycle oscillationa for each
tracker. In this phase, mode C altitude
reports ere provided directly to the

-

N

nonlinear and a - B tracking logic. 1In
the cgecouad phase, each tracker was
interfaced into the Active BCAS logic;
performance was analyzed through
simulation using the Fast-Time Encounter
Generator. In the final phase, selected
live flight test data were used to
compare the a ~ § and nonlinear tracker's
performance.

STAND-ALONE STEAJY STATE PERFORMANCE.

In a steady state 500-ft/min c¢limb, the
mode C report changes every 12 seconds.
Figure &4 presents the comparison of the
limit cycles for both trackers. This
causes the periodicity of rate error
cycle to equal 12 seconds. The peak
error in the rate estimate within that
cycle ave the errcrs which are compared.
Figure 5 presents the comparison of the
peak rate error for both trackers for
rates ranging from 100 to 3,500 ft/min.
The rate error which would yield a 100-
foot vertical position projection error
(2.86 fr/sec) is also identified.

In no case does the asteady state
nonlinear tracker peak rate error exceed
thea - 8tracker's peak rate evror for
rates less than 400 ft/min. Nominal
errors in the rate estimates which occur
for both trackers are large. However,
the magnitude of the rate estimates for
both trackers is less than 10 ft/sec.
Az a result, the BCAS logic assumes the
aircraft is essentially level and
ignores the rate estimate in command
sense sgelection. Current relative
poaition is used instead of projected
vertical position to determine cowmand
sense.

The altitude bin occupancy time is
defined as the duration of a constant
mode C report. For a 500-ft/min rate,
the bin occupancy time is 12 seconds.
When the bin occupancy time is constant,
the nonlinear tracker's p.ak rate error
is 0 ft/sec. Looking at figure 5, this
condition occurs for rates of 400, 500,
600, 1,000, 1,200, 1,500, 2,000, and
3,000 ft/min. This occurs because these
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FIGURE 5.

rates represent constant inceger bin
occupancy times of 15, 12, 10, 6, &4, 3,
and 2 seconds, respectively.

The nongzero peak errors in the nonlinear
tracker occur for rates which do not
yield a constant bin occupancy time.
For instanca, a 2,700-ft/min rate (45
ft/sec) yields the following bin
occupancy sequence: 3 seconds,
2 secords, 2 seconds, 2 seconds, 3
seconds. The nonconstant bin occupancy
times cause the rate estimate errors.

Regardless of the consistency of the bin
occupancy time, the a - 8 tracker always
has a nonzero peak rate error. Both
trackers have mean rate errors of 0
ft/sec for all steady state constant
rate conditions analysed. It is
important to note that the constant rate
vertical maneuvers usually employed by
pilots (500, 1,000, 1,500, and 2,000
fr/min) all represent constant bin

\
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MAXIMAL ERROR COMPARISON "OR FINAL STEADY STATE CLIMB

occupancy times. The nonlinear tracker,
in these cases, has the capability of
providing error-free rate estimates.

ACCELERATION PERF'ORMANCE.

10

The stand-alone analysis was exterded to
characterize tracker performance during
and following vertical accelerations.
In the first case analyzed, mode C
inputs represented a level flight air-
craft that began 8 ft/sec? (0.25 g)
acceleration at time t. The acceler-
ation continued until a final vertical
rate was achieved. The analysis was
designed to compare the differeace in
the time2 required for the trackers to
obtain an eccurate estimate of the final
vertical rite. Conservative estimates
of the tiwme delay were obtained by
initially having the level flight mode C
inputs occur while the aircraft was at
the lowest portion of the altitude bin.
In this way, with an acceleration into
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the climb condition, the longeat period
wvovld expire prior to a mode C report
trausition.

In figure 6, the final rate invastigated
was 1,000 ft/min. This final rate is
schieved 2.07 seconds after the acceler-
ation begine. The first wmode C cransi-
tion is observed at t+7. Rate estimate
for the a - 8 tracker is 6.48 ft/sec.
The nonlinear tracker considers this
first change in modc C to be an isolated
change since the previous mode C reports
had indicated level flight. As shown in
appendix A, the nonlinesar rate estimate
at t+? is 8 ft/sec, the value of param-
eter Pl., The next moda C transition
occurs at t+l3, [PBitween t+7 and t+l3,
the a - 8 rate estimate peaks ay +10.
This corresponds to the occurrence of
the peak rate estimate for reinforced
mode C excursion rate estimates as shown
in figure 3. After t+l13, the nonlinear
tracker has obaserved the constant bin
occupancy time for the 1,000-ft/min rate
(6 seconds), and error-free rate esti-
mates occur. The @ - B rate esti-
mates show the 6-second cyclic pattern
associated with the bin occupancy time.
The a -~ 8 rate estimate converges to
1,000 ft/min but will oscillate around
that value indefinitely. For 0.25 g
acceleration and final rate of 1,000
ft/min, both the tracks experience the
same delay in providing accurate rate
estimates (13 seconds). The advantage
of the nonlinear tracker is the error-
free condition that can exist after
tel2.

Figure 7 depicts the comparison when the
final rate is increased to 2,000 ft/min.
The final rate is achieved in 4.15
seconds. The first wmode C transition
occurs at t+6. Again, this initial
trensitior is incerpreted as an isolated
transition by the nonlinear tracker.
The same rate estimate (8 ft/sec) occurs
as it occurred for the initial ctranei-
tion in the 1,000 ft/min case. The
second transition occurs at t+9 and
reflects the constant 3-second bit
occupancy time. For times greater than

t+9, considerable differencea in the
rate estimates provided by the two
trackere exist. The cyclic 3-sacond
pattern of rate estimates are apparent
in the ¢ - 9 rate estimate. Accurate
estimates of the rate occur 10 seconds
earlier with the nonlinear tracker. The
error in the a - § rate estimate exceeds
10 verceat of the actual rate until
t+19. This delay in obtaining an
accurate estimate of the final rate is
due to the large equivalent memory
(table 2) associated with the 8 = 0.05
value.

In figure B, results for a final rate of
3,000 ft/min (2-second bin occupancy
time) are shown. In this case, the
final rate is achieved in 6.22 seconds.
The first mode T transition occurs at
t+5 and the second at t+7. During the
acceleration phase, between t and t+6,
both trackers provide very poor rate
estimates. However, following the
second transition at t+7, the nonlinear
tracker provides an error-free rate
estimate. Due to the equivalent memory
of the a - 8 tracker, accurate estimates
of the trua rate, 50 ft/sec, do not
occur until t+]18. Hence, accurate rate
eatimates occur }! seconds sooner with
the nonlinea. tracker.

A comparison of tracker performance for
slow accelerations was alsc made. The
case where the acceleration rate is
0.1 g (3.21 fc/sec2) gnd the final
rate is 2,300 ft/min will be reviewed.
When the final rate is 2,300 ft/min, the
bin occupancy times &re not constant.
The bin occupancy pattern is a combin-
aticn of 2- and 3-second occupancy
times. The results of the comparison
are shown in figure 9. Achievement of
the final rate required 11.92 secouds.
Bacause of the slow acceleration, the
first transition does not occur until
t+8. The second transition does not
occur until t+ll. Although the non-
linear rate error exceeds 4 ft/sec
between t+ll and t+]15, the error is»
lese than one-half the error for the
6 - 8 tracker for the sawe time period.

11
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The slow acceleration and final rate,
which did not refloect constant bin
occupancy times, resulted in the longest
delays for the nonlinear tracker to pro-
vide accurate rate estimstes. However,
the nonlinear rate estimates were
within 10 percent of the true rate for
times greater than (+l]35. The oame
condition did not result for the
@ - ptracker until +25,

Comparison of performance during high
accelearations (g * 0.5) was also wmade.
Figure 10 presenta the results when the
final rate is 2,300 fc/min. With cthe
high acceleration, the final rate is
obtained in 2,38 seconds. The first
mode C transition occurs at t+4.
Although the rate is only 38.3) ft/sec,
a second transition occurs at C+8.
Remember that the 2,300-ft/min rate
reflects a combinstion of 3- and
2~second bin occupancy times. Because
the second transition occurs only 2
seccnds after the first, the nonlinear
rate est.imate exceeds the true rate by 5
ft/sec betwesen t+6 and .+8. The magni-
tude of the error is less than one-half
the error in the a - 8 rate estimate for
the same period. After the third tran-
sition which occurs at t+9, the errors
in the nonlinesr rate eastimate remain
less than 2.62 ft/sec. Thus, for times
greater than t+9, the peak error in the
nonlinear tracker is less than 7 percent
of the actual vate. This same accuracy
does not occur in the a - 8 rate esti-
mate until t©+22. Again, tho nonlinear
tracker provided accurate rate estimates
12 seconds sooner than thea - §
tracker.

The preceding analysis reviewed tracker
perfcrmance for level flight aircraft
which accelerate into constant rate
climbs. Similar reasults can be expected
for trensitions from level flight into
constant rate descents.

The comparison of the performance of the
nonlinear and a - @ trackers during
accelerations from level flight is sum-
marized in table 3. 1f the ecceleration
is initiated at time t:

16

t+i
1
E, »— RiK) where R(K) ie therate
me|"
k=gei=10

error at time k.

For instance, B), is the average
magnitude of the tracked rate error
during the first 10 seconds following
the acceleration. Similarly, Ezp ie the
average magnitude of the tracked rate
error dur ng the periocd from 10 to 20
seconds after the initiation of the
acceleration, The porusible average
magnitudes of the vertical position
projection error can be obtained
cirectly by wmultiplying tadble entries
by 35 seconds. The comparisons are made
for Lhree different acceleration rates
and final vertical ratcves ranging from
500 to 3,500 fc/min.

With the high acceleration rate
(g = 0.5) there is cssentially no
difference in perform:nce during the
first 10 saconds following the acceler-
ation when the final rate obtained is
1,500 fc/wmin or less. However, for
final rates of 2,000 fc/min and abova.,
the nonlinear average rate error
approximates one-half to two-thirds of
the a - 8 ctracker's average rate error
during the firet 10 aeconds following
the acceleration.

During the 10- to 20-second cime period
following the acceleration, the non-
linear rate errors have been easentially
eliminated regardloss of cthe final rate
obtained. The average rate errors for
the a - 8 ctracker remained significant
during the t+]l0 (v t+20 second time
period when final rates obtained were
1,500 ft/min or more. The accuracy of
@ - @ rate estimates does not match the
uni form accuracy of the nonlinear race
estimates until t+29D seconds.

With 0.25 g acceleration rate, the same
pattern of results is observed. For the
t+l0 to t+20 second cime period, a
larger difference in pertormance
results than was observed with 0.5 g
accelerations. Average u - 8 rate
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TABLE 3.

Final R
s (fe/mi

0.30

0.25

DATA RECONDED AND PROCEASED
BY THE FAA TECHNICAL CENTER

COMPARISON OF TIME DEPENDENT AVERAGE ERROR MAGNITUNES
DURING ACCELERATIONS — ¥. PT/SEC

ate Nonlinear Tracker a - A Tracker
tuin)  Zp Ro  Ey Blo o e
8.3 2.86 1.65 8.2 2.31 1.58
13,86 2.3 .00 13.81 3.3 1.9
16.41 Q.00 ¢.00 iB.03 A AY 0.9
16,06 0.00 v.w 22.26 5.04 1.02
18.64 1.4 0.6! 27.26 6.1% 1.40
18.12 0.00 0.00 32,34 8.45 1.28
18,09 1.13 o.M 35,16 9.48 1.
9.08 3.43 1.66 9.08 2.94 2.5
13.75 2.3 0. 06 13,38 3.52 1.48
15,32 0.00 .00 17.71  4.35 0.9
13.66 0.00 0.00 21.70 6.06 1.02
18,09 1.48 0.67 25.09 7.46 1.72
15.99 0.00 0.00 28.31 10.16 1.5
18,42 1.58 0.65 30.87 13.19 ..86
7.43 3.78 2.15§ 7.63  2.:3 2.5%9
11.64 4.43 0.00 11.88 4.8y 0.99
14.34 1.92 0.00 14.46  7.27 1.54
15.52 0.00 0.00 15.62 10.38 . 56
15.52 4.80 0.95 15.51 15.19 3.0s
15.52 8.17 1.31 15.51 18.76 4.92
15.52 10.34 1.30 15.51 22.16 7.62
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errors for the t+10 to t+20 second time
period could cause vertical projection
errors to exceed 450 feet. As in
the high acceleration case, the
@ - B8 tracker rate accuracy does not
approach the nonlinear tracker accuracy
until t+20 seconds.

For slow accelerations (g = 0.1), the
performance of the two trackers 1is
nearly identicel during the first 10
seconds following the acceleration.
This result occurs independently of the
final rate obtained. When the final
rate obtained exceeded 1,000 ft/min, the
nonlinear tracker pevformed considerably
better than the @ - B rracker during the
10~ to 20-second period following the
acceleration. For slow accelerations,
the & - g tracker rate errors persist
during the ¢+20 to t+30 second time
period.

With a - 8 tracking, projection errors
as large <8 265 reet could still persist
more than 20 seconds after the
acceleration.

DECELERATIONS TO LEVEL FLIGHT
CONDITIONS.

In this section, we will review tracker
performance when an aircraft in a fixed
rate climb returns to level flight. The
climb rates investigated ranged from 500
to 3,500 ft/min. The analysis of the
tracker performance during the return to
level flight from a climdb rate of 2,300
ft/min will be presented. This rate
represented the severest conditions
znalyzed.

In figure 11, a ~-0.1 g deceleration
effect is presented. At -0.1 g, it
takes 11.92 seconds to return to level
flight from a 2,300-ft/min climb rate.
The mode C transition pattern of 2- and
3-second bin occupancy times has been
established in the climb. The detection
of the deceleration requires the tracker
to detect a deviation from the 2- and
3-second bin occupancy pattern. At t+6,
the nonlinear tracker detects tne
excessive bin occupancy time following

19

the deceleration., As a result, the rate
estimate is adjusted with a decaying
process. The same procedure is used at
t+9. The adjustment almost eliminates
the error in the nonlinear rate esti-
mate. The final mode C transition
occurs at t+6. At t+l4, the nonlinear
tracker observes that the estimated bin
occupancy time, ZMOD7, has been exceeded
by 5 seconds (the value of parameter
P5). As a result, the rate estimste is
set to 0 ft/sec ty represent level
flight. The a - 8 rate ecror exceeds
5.71 ft/sec for an additional ¢ seconds.
During this period, the a - B errors
would result in at least a 203-foot
error in vertical position projection.

For a higher deceleration rate (figure
12), the performance of the nonlinear
tracker is even better when compared to
the a - 8 tracker, For -0.5 g deceler-~
ation, an aircraft climbing at 2,300
ft/min can level off in 2.38 seconds.
The last mode C transition, pricr to
deceleration, occurs at t-l. Henc:, at
t+3 the nonlinear tracker detec.s an
excessive bin occupancy time and adjusts

the rate estimate. At t+6, the esti-
mated bin occupancy time his been
exceeded by 5 seconds and the rate

estimate is reset to 0 ft/sec. The
a - B rate error does not decay below
5.71 ft/sec until t+12. Again, we see a
6-second difference in the establishment
of accurate rate estimates.

During decelerations to level fiight,
the nonlinear tracker resets the rate
estimate to 0 ft/sec when the excess bin
occupancy time exceeds 5 seconds. The
@ - 8 tracker cannot reset its cate
estimate to 0O ft/sec. The 8 value of
0.05 causes the decay in the rate esti-
mate to O ft/sec to be quite slow.
Depending on the precision of the logic
arithmetic operations, the a -8 rate
estimate may cycle indefinitely with a
nonzero magnitude. This could cause
problems with the CAS logic's vertical
speed limit routlines. These routines
make explicit checks for nonzero
vertical rates.
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Table 4 summarizes performance of the
two trackers during and following
decelerations from established climbs to
level flight. The comparison is made
for three deceleration rates and for
established climb rates ranging from 500
to 3,500 ft/min. For almost all condi-
tions tested, the norlinear tracker
deciared level flight within 10 seconds
of the initiation of the decelerations.
The large errors that still exist in the
nonlinear rate estimate more than 10
seconds after initiation of the deceler-~
ation occurred for the high initial
climb rate (3,000 and 3,500 ft/min) and
for the slow deceleration rate (-0.1 g).
In these cases, level flight conditions
do not occur until 15.5 and 18.1 seconds
after the deceleration was initiated.
The a ~ B rate estimates contained a
considerably larger error than the non-
linear tracker during the 10- to
20-gecond time period following the
initiation of deceleration.

DECELERATLION TO OTHER THAN LEVEL FLIGHT

CONDITIONS.

Analysis of tracker performance during
decelerations from a fixed rate to
another rate (not level flight) was
made, In figure 13, the initial rate is
~2,500 ft/min and at time ¢ a deceler-
ation to -1,000 ft/min is initisted.
With a -0.25 g deceleration, the new
rate 18 cobtained in 3.10 seconds. At
t+3, the nonlinear tracker detects an
excess in the bin occupancy time and
adjusts the rate estimate. Between t+3
and t+5, the ncrnlinrear tracker over-
estimates the deceleration. However,
the magnitude of the rate error of the
nonlinear track is less than the a-8
tracker error magnitude. Beyond t+6,
the nonlinear tracker rate estimate is
error free. Consistently accurate a- 8
rate estimates do not occur until t+ld4,
an 8-second difference in the delay.

PITCHOVER MANEUVERS.

Maneuvers in which a constant rate
deceleration takes an aircreft from a

constant climb rate into a constant
descent rate were analyzed. In figure
14, the aircraft is established in a
3,000~ft/min climb rate, then decsler-
ates into a 1,000-ft/min descent. The
deceleration rate presented is -0.5 g.
The nonlinear tracker detects excess bin
occupancy time at t+3 and adjusts the
rate estimate to approximately 1,000
ft/min. At t+7, a downward transition
in alctictude bins is detected and a
negative rate estimate occurs. The
@ - 8 tracker does not provide a nega-
tive rate estimate until t+13. At this
time, the nonlinear rate estimate is
error free. In general, the analysis of
pitchover maneuver results indicated
significantly earlier (6 to 10 seconds)
negati' ¢ rate detection by the nonlinear
tracker. The differences in time, to
obtain accurate final rate estimates,
approximated differences identified in
the comparison of deceleration
performance.

During pitchover maneuvers the abiiity
of the vertical tracker to determine
when the direction of vertical movement
has changed is critical. The parameter
ZDLVL is used to discount low vertical
rates by intruder aircraft in selecting
maneuver sense. The delay in the
tracker detscting # rate less cthan ZDLVL
is a good measure of tracker performance
during pitchover maneuvere. Tracker
respcnses during and following -0.5 g
pitchover maneuvers were anal;zed,
Initial climb rates varied between 500
and 3,500 ft/min. The -0.5 g pitchover
was esustained until a 1,000-ft/min
descent rate was established.

Table 5 identifies the results of the
pitchover analycis. The comparison is
made in terms of the delay in seconds
until certain tracked conditions exist.
Since the delay periods are dependent on
the location within an altitude bin when
the pitchover maneuver is initiated, the
delay is stated as a pu«riod of time.
Since the maximum rate estimates for
both c¢rackers are less than 10 ft/sec
for a 500-rt/min climb, the tracked
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TABLE 4.  COMPARISON oF TIME-DEPENDENT AVERAGE ERROR MAGNITUDE
DURING DECELERATIONS TO LEVEAL FLIGHT

Initial
Climd Rate Nonlinear Tracker 8~ ® Tracker
8 (ft/min) -EJ.Q EZ.Q. Elg‘ EIO Ezo ﬁao
~0.50
500 6.76 0.0 0.0 4.10 0.64 0.08
1,000 13.67 0.0 0.0 13.86  2.89 .45
1,500 7.41 Q.0 0.0 12.85 2.3 .30
2,000 12.51 0.0 0.0 19.87 4.11 0.4
2,500 5.52 0.0 0.0 20.86 4.36 0.58
3,000 9.40 0.0 0.0 25.31 5.78 0.76
3,500 18,74 0.0 0.0 32.41 8.83 .20
~0.25
500 6.46 0,0 0.0 4.07 0.70 0.08
1,000 12,08 0.0 0.0 12.98 3.25 0.45
1,500 5.6} ¢.¢ 0.0 10.76 2.3 0.30
2,000 8.50 0.0 0.0 16.45 4.21 .55
2,500 12.72 0.0 0.0 22.39 7.03 0.96
3,000 16.1¢6 0.0 0.0 23.90 §.93 1.25
3,500 20.10 0.0 0.0 28.07 12.12 1.72
-0.10
500 5.79 0.0 0.0 3.40 0.74 9.07
1,000 10.68 0.48 9.0 10.39  3.25 0.4%
1,500 11.24 0.61 0.0 11.26  5.49 .80
2,000 11.7Y  0.70 ¢.90 11.71 7.92 o0.98
2,500 13.62 0.51 0.0 13.62 10.32 2.06
3,000 10.83 6.71 0.0 10.83 16.08 5.00
3,500 10.71  9.9¢ o¢.18 10.71 19.81 6.94
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TABLE 5. COMPARISON OI' TRACKER RESPONSE DELAYS FOLLOWING

-0.5 g PITCHOVER MANEUVER TO -1,000 FI/MIN

Period Tracked Rate Period Until Descent
Initial Exceeds 10 ft/sec is Detected
Cclimb Rate (seconds) (seconds)
(fr/min) Nonlinear a-§ Nonlinear a-8
500 - - 4=6 5=7
1,000 2-7 5-9 5-8 8-13
. W0 3-6 6-10 6-8 8-13
2,000 3-6 7-10 4=7 10~-14
2,500 4-7 8-11 6-8 12-14
2,700 4~7 8-11 6-8 12-14
3,000 4-8 9-11 6-8 13-15
3,500 5-8 10~-12 6-8 13-16
26
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rates do not exceed U ft/sec during the
picchover when the initial climb rate is
500 ft/min. The maximum time required
to deprsss the nonlinear rate estimate
below 10 ft/sec following the initiation
of the pitchover is, in general, less
than the minimum delay that is expected
with a - 8 tracking. The delay with
6 - 8 tracking required before a descent
is detected is twice the delay experi-
enced with nonlinear tracking. This
result is fairly uniform across all
initial climb rates above !,000 £:/min.

STALRSTEP MANEUVER.

The final stand-alone tracker
comparisons analyzed stairstep vertical
profiles. The aircraft was assumed to
be descending at a constant cate. A
level-off maneuver was then
accomplished, followed by deceleration
into a descent 5 to 20 seconds later.

Figure 15 presents a cypical vertical
profile,

-3000 FT/MIN

0.25¢

The results are shown in figure 16. The
major advantage of the nonlinear tracker
is the ability to obtain an sccurate
level flight rate estimate much sooner
than the o * B tracker. The nonlinear
tracker provides the level flight rate
estimates for the time period becween
t+]l0 and t+25. The a - B tracker
obtains accurate level flight rate esti-
mates only for times greater than t+20D,
Once the deacent is resumzd at t+26,
the nonlinear tracker responds as if
the gircraft had alvays been in level
flight. As long as the level flight
period exceeds the altitude strata
occupancy time (3 seconds for a
2,000-ft/min vertical rate) by 5
seconds, the nonlinear tracker will
reset the vertical rate e2srimate to
0 ft/win for the level flight portion of
the stairstep maneuver.

T

20-SECOND LEVEL FLIGHT PERIOD

FIGURE 15.
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FAST-TIME ENCOUNTER GENERATOR RESULTS.

Previous problems with command sense
choice during intruder accelerations
were 1dentified in reference 8.
Unequipped intruder encounter scenarios
like the sequence depicted in figure 17
resulted in BCAS commands which reduced
vertical separation at CPA. Fast-time
simulation analysis was conducted .o
see f the earlier detection of acceler-
ationt by the nonlinear tracker had
improved the collision avoidance logic
pertormance for scenarios similar to
those shown in figure 17.

The variety of geometries analyzed are
shown in figure lo5. The Active BCAS
logic does not permit sense of command
to change once it is selected. If the
vrong sense is selected and the logic
selects a positive command, vertical
separation at CPA is reduced by the
incorrect sense choice. The response
mode! used for this analysis included a
5-second pilot response delay.

The question cthat is addressed in this
section is "How long does the error in
the vertical estimate, which wonli cause
the wrong command sense to be selected,
persist following the level off maneuver
by the intruder?" For conditions shown
in figure 17, the incorrect sense choice
for the BCAS aircraft is climb. Since
sense choice can occur on any logic
cycle when all cthreat detection condi-
tionas are satisfied, the improvement in
sense choice because of nonlinear
vertical tracking can be identified by
comparing the period of incorrect sense
choice associated with each ctracker
following the level off maneuver.

Table 6 preseuts the reduction in
duration of the incorrect sense choice
period which occurred with nonlinear
tracking. Following the level-oilf
maneuver, both the @ - 8 and nonlinear
tracking rate estimates contain a
residual error. For a specific planned
separation value, an incorrect sense
choice results when the residual race

29

error projected over 35 seconds exceeds
the planned vertical separation value.
The impiovement in sense choice pear-
formance with nonlinear tracking is due
to a fastur tracker”response to the
variation in the mode C report pattern.

Table © indicates that sense choice
improvement increases with the magnitude
of the injitial vertical rate. For
larger values of wvertical separvaiion,
large:r residual errors are necessary for
incorrect sense choices to result. For
lower initial vertical rates (less chan
-1400 fc/min) and the larger planned
vertical separstions, the duration of
incorrect sense choice periods for both
trackers are nearly identical. However,
for higher initial vertical rates,
nonlinear tracking reduced the incorrect
sense pericds by up to 7 seconds.

Table 7 presents the improvement with
nonlinear tracking that results when
the level-off maneuver is performed more
rapidly (-0.5 g versus =0.25 g).

Although a considerable reduction in the
duration of the incorrect sense choice
period ouccurs with nonlinear tracking,
wrong sense choices may still occur.
Wrong sense choices result with the
nonlinear tracker because .he sense
selection logic does not make optimum
use of the nonlinear tracker. Research
should be conducted to improve the use
of nonlinear tracking data by the sense
choice logic. Two immediate consider-
ationg should be investigated. Since
command gense cannot change once it is
selected, when sufficient time
(~range/range rate sufficientlv large)
until CPA remains, command sense selec-
tion should be delayed during periods of
acceleration by the intruder. Several
internal variables in the nonlinear
tracker (ZMOD8 or & function of ZMOD?)
appear to be good indicators of acceler-
ation by the iatruder. A second, more
sophisticated approach is to base sense
determination on vertical position
projection which includes a vertical
acceleration factor.
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PLAMMED VERTICAL SPPERATION VARIED
(208,300, 400, 300 FREY)

’— GEED TEND TREE GEEn SRR IR —J
CROSSING ANGLE = 100"

(IMITAL RATE VARIED FRON
=1,000 TO -4,000 PY/HIN)

6.2 OR 0.3 ¢
VERTICAL MANRUVER

B1-15-17

FIGURE 18. GEOMETRIES USED IN COMPARISON OF DETECTION PERFORMANCE

REVIEW OF LIVE FLIGHT TEST RESULTS.

During Active BCAS flight testing, an
encounter occurred with a DC-9 aircrafe.
The Federal Aviation Administration
(FAA) BCAS aircraft, registration number
N49, woa level at 16,000 feet. The mode
C rceport history revealed that the NC-9
vas climbing at approximately 2,700
ft/min. About 35 aseconds prior to tha
tracked minimum range time, the mwode C
report hietory showed a vertical
deceleration by the DC-9. The highest
mode C report observed was 15,500 feer.
The deceleration rate was about
(-0.5 g). Tha deceleration period
lasced approxiwacely 4 seconds. The
mode C report history shows a final
vertical rate of about =1,000 ft/min.

Tue vertical profile for this encounter
is shown in figure 19. The initial BCAS
alarm, do not climb, occurs &4 seconds

after the mode C history shows a
deceleration by the DC-9. At chis

~ime, the projected vertical separation,
Zp, is calculatad as follows:

Zp = BCAS altitude - (DC-9 tracked
pcsition ¢+ 35 seconda x DC-9
tracked altitude rare)

For the o - 8 trecker in the airborne
experimental BCAS unit

Zp = 16,000 - (15,543 + 35%(34))
= =593 f¢

This implies the DC-9 is projected to be
593 feet above the level flight BCAS
aircraft at CPA. As a result, the BCAS
logic displayed a "do not climd" cosmand
for the BCAS aircrafec.

This encounter was simulated using the
fast-time encounter generator. The time

UREOQUIPPED THRAEAT (00 KA OTS
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DATA RECORCED ANU PROCESSED
BY THE FAA TECHHNICAL CENTFR

TABLE 6, REDUCTIOP IN DURATION OF INCORRECT SRNSE CMOICE PRRIOD
IN SECONDS ACHIRVED WITH NONLINEAR VARTICAL TRACKiWG
(=0.25 g DRCELERATION)

Inicial
Vertical
RATE (Pt/Min)

-1000
-1100
~1200
=1300
-1400
-1500
-1600
-1700
-1800
-190¢

-2000
-2100
=2200
-2300
-2400
=2500
-2600
=2700
-2800
-2900

=3000
=-3100
-1200
-3300
=3400
=357
-3o00
~3700
-3800
-3900
-4000

»
NN RID IR N O - RV - N - - - S RV RV AL SIPWNN lg

Planned Vertical Separation at CPA
Following Level-Off Maneuver (Peet)
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NATA RECORDED AND PROCESSED
BY THE FAA TECHNICAL CENTER

TABLE 7. REDUCTION IN DURATION OF INCORRECT SENSE CHOLCE
PERIODS IN SECONDS ACHIEVED WITH NONLINEAR VERTICAL
TRACKING (~0.5 g DECELERATION)

Initial Planned Vertncal Separation at CPA
Vertical Following Level-Off Maneuver (Feet)

RATE (Ft/Min) 200 300 400 500
=-1000 2 2 0 0
-1100 3 3 2 0
-1200 3 2 2 0
-1300 3 3 2 1
=1400 4 4 3 2
-1500 4 4 3 2
~1609 4 4 3 2
~1700 4 4 3 2
-180¢0 5 5 4 4
-1909 5 5 4 4
-2000 5 5 4 4
-2100 6 5 5 4
-2200 6 5 5 4
-2300 6 5 5 5
~2400 6 6 6 5
-2500 7 7 6 5
-2600 7 7 7 6
~2700 7 7 7 7
-2800 6 6 6 5
-2900 7 7 7 6
-3000 7 7 7 7
-3100 7 7 7 6
-3200 8 8 7 6
-3300 7 7 7 7
-3400 8 8 7 ?
-3500 7 7 7 7
-3600 8 8 8 8
-3700 7 7 7 7
-3800 7 7 7 7
-3900 8 7 7 7
-4000 8 7 7 7
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35 SECONDS PRIOR TO CPA /
DC-9 BEGINS .0S g VERTICAL /
DECELERATION /

7/ -

DC-9 PROJECTED TO BE 400 FT ABOVE N49

/

N4
320 KNOTS
LEVEL AT 16,000 FT

ESTABLISHED IN 1000 FT/ MIN DESCENT

0C-*
320 KNOTS
2700 FT/M!N CLIMB

FIGURE 19.

versus altitude plot of the results
which occurred with @ - B tracking is
shown in figure 20. In simulatiomn, the
sense of the initial alarm, which was
descend. was incorrect. In simulation,
command selection appears to have
occurred 1 second later than during the
actual flight. 1f a first hit had
occurred at the 48th second, the
command ~elected would have been "do
not climb" since the absolute valué of
VMD |-544| >470 feet, the threshold for
positive commands. The logic requires a
command to be displayed for a minimum of
5 seconds prior to being replaced by
another command. A review of the live
flight data indicated a positive
descent command did not result because
the projected vertical separation waa
less than 470 feet during the 5-second
period immediately following the display
of the initial "do not climb" alarm.
The a ~ 8 tracker rate estimaces for rhe
DC-9 remained positive for 12 seconds
following the vertical deceleration.
During this period, the collision

BT A

34

81-15-20

VERTICAL PROFILE OF DC-9 ENCOUNTER

avoidance logic would sense the positive
1ate as vertical closure and possibly
select an incorrect command sense.

By repeating the fast-time simulation,
results were obtained for nonlinear
tracking. Figure 21 shows the results.
With the nonlinear tracker, a negative
vertical rate estimate occurs 5 seconds
after the deceleration. Since sense
selection occurs at this time, the sense
selected climb is correct. Since the
projected vertical miss distance of 670
feet excceds the positive command
threshold of 470 feet, a "do not
descend" command is displayed.

The tracker responses associated with
this encounter were investigated further
by supplying the DC-9-mode C history
directly to the trackers independent of
the collision avoidance logic. The
tracker responses are shown in
figure 22, Assuming the deceleration
was initiated at time t, the duration
of the periods of incorrect sense choice
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for each tracker were obtained. The
sense choice logic has a vertical rcate
threshold, ZDLVL, such that sense choice
is based satrictly on current relative
position when the ablolute value of the
rate estimate is leass than 2ZDLVL
(10 ft/sec). For the DC-9 vertical
profile, the duration of the incorrect
sense choice period eyuals the time it
takes the tracker to depress the rate
estimate below 10 ft/sec. With the
nonlinear tracker, this occurs at t+4;
hence, the incorrect sense choice period
is J seconds. The & - B tracker does
not depress the rate estimate below
10 ft/sec until t+9, resulting in an
8-gecond incorrect sense choice period.
This corresponds closely with the live
flight test results. The rate estimate
in the flight test results remained
above 10 ft/sec for 10 seconds foliowing
the DC-9 deceleration.

W the nonlinear tracker, the
stand-alone analysis indicated a level
flight condition was declared 6 seconds
after the deceleration was initiated.
The & - 8 tracker required 12 seconds to
establish the same reault. This dif-
ference indicates the a - 8 tracker
would declare a vertical closure condi-
tion for 6 wmore seconds than the
nonlinear tracker.

CONCLUS 10NS

1. Review of a - B ctracker performance
through the use of fast-time simulation
results in the following conclusions:

a. The previous rate tracking
constant value of B8 = 0.15 had been
developed for use wvith 4.7-second data
rates. The much faster data rate (1
second) of Active Beacon Collision
Avoidance System (BCAS) caused large
errors to be induced into the rate
sstimate by mode C quantisation. The
large errors often resulted in incorrect
command sense choice even during steady
state vertical maneuvers by the threat
aircraft.

b. A reduction in 8 to 0.1
somevhat reduced the occurrence of
incorrect sense choice during steady
state vertical maneuvers. However,
initial flight testing showed that 100-
foot mode C excursions for aircraft in
level flight could result in rate errors
exceeding 16 feet per second (ft/sec).

¢. Modifications to the sense
choice logic and a reduction in 8 to
0.05 eliminated sense choice problems
associated with 100-foot mode C report
excursions. However, the decrease in
6 has resulfted in a significant increase
in the tracker's transient rate response
delay.

2. Review of the nonlinear tracker
described in the appendix led to the
following conclusions:

a. The complexity increase when
compared to the a - 8 tracker requires
the storage of ten additional logic
parameters. The number of elements in
the own aircraft state vector increased
by eight. Also, the number of elements
in each intruder threat file increased
by eight.

b. The missing or garbl!=d altitude
report flag in the Collision Avoidance
System (CAS) logic ZFLG was easily
incorporated into the nonlinear tracking
logic to indicate when wmissing altitude
report logic should be used.

3. Comparative analysis of the
performance of the nonlinear tracker
with the & - 8 tracker resulted in the
following conclusions:

a. For 100-foot mode C excursions,
the maximal rate error associated with
nonlinear tracking was 8 ft/sec. This
occurs because transitions in the mode C
reports for aircraft with tracked
vertical rates of O ft/sec are treated
as isolated transitions. The maximal
error occurs at the time of transition
and decays even when successive reports
reinforce the transition. The maximal
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error in the rate estimate is less than
ZDLVL. Hence, incorrect sense choices
do not occur during 100-foot mode C
report excursions with nonlinear
tracking.

b. During steady state conditions
for all rates analyzed, the nonlinear
tracker peak error in the rate estimate
was significantly smaller than the a-
tracker peak error in the rate estimate.

¢. During steady state conditions
for vertical rates which repreasent
constant bin occupancy times, the non-
linear tracker would provide error-free
rate estimates. The rates associated
with constant bin occupancy times (500,
1,000, 1,500, 2,000 feet per minute
(ft/min)) are rates at which aircrafc
normally maneuver. Regardless of rate,
the a - 8 tracking rate estimate cycles
with a periodicity equal to the bin
occupancy times.

d. Following acceleration from
level flight into constant rate climbs,
little difference in the times required
for each tracker to obtain accurate rate
estimates is detected for final vertical
rates <1,000 ft/win. However, aa the
final rate is increased, nonlinear
tracking results in accuratz2 vate
estimates significantly earlier (6 to 12
seconds) than with the @ - 8 tracker.
This fact appears uniforw across the
acceleration rates tested.

e. The weakeut performance by the
nonlinear tracker occurs during slow
accelerations to final ractes which are
not associated with constant bin occu-
pancy times. However, accurate rate
estimates are obtained considerably
earlier vwith the nonlinear tracker than
with the @ - p tracker.
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f. During and following level-off
maneuvers, the nonlinear tracker
required significantly less time (6 to
10 seconds) to obtain 0 ft/sec rate
estimates. When the excess bin occu-
pancy time exceeds 5 seconds, the rate
estimate i3 reset to O ft/sec. The
@~ 8 tracker's rate estimate can
oscillate around 0 ft/sec inuefinitely,
depending on the arithmetic precision of
the logic.

g During pitchover maneuvers
earlier detection of the change in cthe
sign of the vertical rate occurs with
the nonlinear tracker. The large
transient response delay acsociated with
8= 0.05 results in long periods in
which the @ - 8 tracking rate estimate
has the wrong sign.

h. During stairstep maneuvers
whenever the level flight duration
exceeds 5 seconds olus the expected bin
occupancy time, the nonlinear rate esti-
mate ia reset to the correct value of
0 ft/sec. This does not occur with
e - § tracking,

i. Fast-time simulation of Active
BCAS logic with both nonlinear anda-g
tracking has shown that a significant
improvement in command sense choice
occurs with nonlinear tracking. Addi-
tional improvement in sense choice
performance during periods of acceler-
ation may be obtained. This improvement
mty be possible by augmenting the sense
seizction logic with logic thar accounts
for acceleracing intruders.

4, Review of live flight test sense
choice anomalies indicates chat the
occurrence of incorrect sente choice
would be reduced with noalinear
tracking.




RECOMMENDAT IONS

Based on the results of the analysis
of the nonlinear tracker, it is
recommended that the review tracker be
incorporated i1nto Active Beacon
Collision Avoidance System (BCAS) flight
testing. Furthermore, it is
recommended that additional analysis be
made to identify mechods of optimizing
Collision Avoidance System (CAS) logic
sense selection. The optimization
should make use of the additional
information that is available with
nonlinear tracking that was not
previously available with Alpha-Beta
tracking.
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APPENDIX A
NONLINEAR VERTICAL TRACKER
Only minor changes were made to the code

provided by Lincoln Laboratory in the
VTRK66 Version of the nonlinear altitude

tracker. The changes included: (1) the
parameter P2 was deleted since it was
not referenced in the code, (2) the

previous & - B tracking of own altitude
was replaced with the nonlinear tracking
logic, and (3) the check for missing or
unreliable altitude reports (ZM=0) was
changed to conform with the flag pro-
vided by Beacon Collision Avoidance
System (BCAS) sucrveillance tracking
which indicates missed, garbled, or an
unreliable altitude report, ZFLAG=0.
This change permitted the direct inter-
face of VTRK66 into the Collision
Avoidance System (CAS) logic intruder
tracking routiue, TRIACT.

To support the addition of VTRK66,
specific parameters had to be added to
the ECAS CAS logic parameter list. The
parameters added are shown in table A-l.

Two other parameters used in VTRK66
logic were not needed by the CAS logic.
The parameter DT, which identifies the
nominal update rate (1 second) already
exists within the CAS tracking modules.
The BCAS variables TDATA and TDATAIL
already determine the duration of
missing report periods. The quanti-
gation bin with parametcr Q was not
added to the parameter list. The
constant 100 was added in its place in
the VTRK66 logic. Two parameters were
deleted from the BCAS parameter list.
They were the & - 8 position tracking
constant, ALFAZ, and the rate tracking
constant, BETAZ.

VTRK66 logic required rhat several new
elements be added to the intruder track
file. The elements are shown in
table A-2,

Each element in table A-2 is subscripted
with the intruder's ID or track file
number. The same elements were also
added to the own aircraft state
vector. It is important to note that
ZMOD6 was added to the intruder atcate
vector although the same information
already exists in the state vector in
the form of TDATA., This was done
because ZMOD6 is internally manipulated
in the VTRK66 logic and may have an
effect on other uses of TNDATA in the CAS
logic.

Certain additional track file elements
now requira initialization prior to use
by the tracker. When the BCAS is first
made operational, own intruder state
elements must be initialized. The addi-
tional elements requiring initialization
are shown in table A-3.

When intruder reports are firat passed
to the CAS logic by the surveillance
logic, procedures must initialize
certain new :2lements in the intruder
track file. The initialization is per-
formed in TRIACT. Nonlinear tracking
occurs on subsequent reports. The ele-
ments of the intruder state vector to
be initialized are shown 1n table A-4.

When an intruder track file ewnists and
surveillance tracking provides at
least a range report on a particular
logic cycle, the nonlinear tracking
logic 28 shown in figure A-l is used to

provide intruder tracking. This logic
will handle unreliable, missing, or
garbled altitude reports. When no

surveillancc report is received for an
intruder with an established track file,
coasting of the track with the non-
linear tracker is accomplished as shown
in figure A-2. Own tracking is
accomplished by integrating the non-
linear tracker into TROACT in the same
manner shown in figure A-l. The only
difference is that the missing altitude
report logic can be deleted.

-
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TABLE A-1l. BCAS CAS LOGIC PARAMETER L1ST ADDITIONS

Paraneter Definition

Pl Magnitude of rate allowed following isolated
altitude transition

P3 Rate decay factor when nc reinforcing
transition has occurred '

P4 Stiff rate smoothing parameter

PS5 Excess bin occupancy time which results in
transition to level flight

Pé Excess bin occupancy time which results in
correction to rate estimate

p? Amount of discrepancy in bin occupancy time
which triggers rate reinitialization

P8 Parameter used to position an estimatcd bin
transition within an interval of wmissing reperts

P9 Positicn smoothing parameter

rl1o _Decay factor for residual monitor, ZMODIO,
for scans without dutection of excess residual

P11 Bin occupancy smoothing parameter when excess
residuals are detected

Ple Decay factor following a correction to ZMODI1O

P13 Value of ZMOD9 at which transition from start

up smoothing to normal smoothing ouccurs

Nominal Value

8 feet per second

0.90

0.04

5 seconds

1.5 seconds

1.5 seconds

C.6

0.3

0.8

0.6

0.75

18
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TABLE A-2.

VTRK66 Previous Track
Element File Element

A, | ZRINT
ZMOD1 ZINT
ZM0D2 ZDINT
ZMODJ New Element
ZMOD4 New Element
ZMOD5 New Element
ZMOD6 New Element
ZMOD7 New Element
ZMOD8 New Element
ZMOD9 New Element
ZMOD10 New Element

ELEMENTS ADDED TO INTRUDER TRACK FILE

Definition

Mode C report. ZFLAG=) when report
is missing or garbled

Tracked altitude of intruder
Tracked altitude rate of intruder

Time last mode C report was
received for this intruder

Previous mode C report for
this intruder

Time of transistion to previous
mode C altitude for this intruder

Time of last CAS track update
for this intruder

Estimated bin occupancy time

Firmness of rate, typically equal
to number of altitude transitions
observed for current rate

Start up counter needed to
establish rate

Residual indicator. Used to derect
a trend in tracker residuals which
indicate vertical acceleration

Units

feet (100)

feet
feet per second

seconds

feet (100)

seconds

seconds

seconds

m— A
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TABLE A-3. OWN STATE VECTOR INITIALIZATION PROCEDURE

VTRKG66 Element Previous CAS Logic Element Initialization Value
ZMOD1 ZOWN Current own mode C report
ZMOD2 ZDOWN 0 feet per second™*
ZM0D3 New Element TCUR®
ZNOD4 New Element Current mode C report
ZMODS New Element Added below
ZMOD6 New Element TCUR
ZMOD7 New Element 100/ (ABS(ZMOD2)+0.1)
ZMOD8 New Element 5
ZMOD9 New Element 0
ZMOD10 New Element 0
ZMOD5 New Element TCUR-ZMOD? + 7
A ZROWN Current mode C report

*ariable name for current BCAS time in CAS logic.

*#*]f BCAS is turned on in flight chere should be an initial standby period.

This will permit the possible observance of a bin occupancy period. The
standby period should last 5 seconds or until two mode C transitions are
observed, whichever is shorter. 1f less than two transitions occurred,
ZM0OD2 should be initialized to 0 ft/sec. 1f two transitions are observed,
then 2MOD2=(mode C report on second traunsition — mode C report on firast
transition)/time between transitions. This procedure will reduce the time
delay required to obtain accurate own aircraft rate estimates when own

sircraft is maneuvering at high vertical rates (above 20 fcr/sec) when BCAS
is first initialized.
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VRTK66 Element

TABLE A-4. INTRUDER STATE VECTOR INITIALIZATION PROCEDURES

Previous CAS Track File Element

Initialization Value

ZMODI1

ZMOD2
ZMODJ
ZMOD4

ZMODS

ZMOD9
ZMOD10
ZMODS

ZM

ZINT

ZDINT
New Element
New Elemant
New Element
Nev Elewment
New Element
New Element
New Element
New Element
New Element

ZRINT

A-S

T

Surveillance altitude
report ZRINT

Surveillance roce 2DSV
TCUR
ZRINT
Added below
TCUR
100/(ABS(2DSV)=0.1)
5
0
0
TCUR-ZMOD7 + 7

ZRINT

- -
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OT=TCUR-TDATAL
DTM=TCUR-T4
TP=T1+DTH*2?

ZFLAG-0

MISSING ALTITUDE REPORT LOGIC

GO0D
ALTITUDE

YES

NO

11=2P

DATA
DZMs2IN-24
DBINS *ABS(DZN)M00
2927941 +10°DBINS
START —UP SMOOTHING
Z1:2P+PY(ZN-1P)
212224P4* YES
(ZM-ZP)/ DTM
O
A ) TRANSISTION LOGIC 24=IM
25=TCuUR
25-TCUR+Fg* | o NO
(Z3-TCUR+1)
YES
NO TRANSISTION
LOGIC
ZFLAG =1 Z6=TCUR

CONTINUE WITH
INTRUDER RANGE
TRACKING

Z3=-TCUR

81-15-A-1a

FIGURE A-1l. NONLINEAR TRACKING LOGIC A> INTEGRATED INTO TRIACT (Sheet 1 of 3)°
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‘, ALTITUDE TRANSISTION LOGIC
ISGN*INT(SIGN(1,DZM))
QSIGN = ISGN*100
TEST=22°DZM
TREND EXISTS
NO E
TPREY=z (TCUR~ZS5)/DBINS 7850 YES
DELYz TRREV-Z7
INITIALIZE Y
iyt ES NO
L22PA%ISGN 210=P10° 200+ | po
. = YES
| 212 ZM-QSIGN/2 +22/2 DELT hts (OELTY>
I7=QSIGN/ABS(Z2) REINITIALIZE
VELOCITY
280 -
Z7=MAX(TPREV 1.4)
) 740=0 NO YES
CURRENT 22=QSIGN/27
EXCESS VELOCITY -
RESIDUAL ESTIMATE z10=0
GETECTED WITHIN 28 =1
j LIMITS =
ZA=2M-QSIGN/2 ¢ 22/2
BETA1=P14 BLIN(ZT-1)1/(27% g4) z
2822 BETA4=MAX(1/(Z8+1),
BLIM, 0.04)
Z102P42%24 0 2652844
‘ ]
, Z7=274BETAI %(TPREV-27)
22:QSIGN/ 27
ZA=ZP4+PI*(IM~1P)
D
§1-15-A-1b
FIGURE A-1.
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NONLINEAR TRACKING LOGIC AS INTEGRATED INTO TRIACT (Sheet 2 of 3)
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NO ALTITUDE TRANSITION

Z4=2P+P9*(ZM-2P)
T=TCUR-Z5+14
INDX=T-27

TRANSISTION TO

LEVEL FLIGHT
INBX>PS YES

BIN OCCUPANCY
LONGER THAN EXPECTED
ALTER RATE ESTIMATE

YES

NORMAL UPDATE NO
TRANSISTION EXPECTED

7824
DECAY RATE
ACCORDING
v TOP3 L
71=IM
= (1+0,25* .

D4 = (+0.25*INDX)*Z7 2220
Z2=SIGN(100,22)/ (D1+ 22=22*P3 1299
04.5%INDX) - 1=

27 2100/ (ABS(Z2)40.4) )
Z8=MAX(2,28 -1) 28=0
710=0
81-15-A-1c

FIGURE A-l. NONLINEAR TRACKING LOGIC AS INTEGRATED INTO TRIACT (Sheet 3 of 3)
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SURVEILLANCE TRACKER DECLARES MISSING REPORT

DELETE INTRUDER DT=TCUR-TDATA

STATE VECTOR

FIGURE A-2.

- - [ ]
%::zz;." (TCUR-26) *12 COAST ALTITUDE

Z6=TCUR

R=R+ODT*RD

COAST RANGE
TDATA = TCUR

RE TURN

81-15-A-2

INTEGRATION OF NONLINEAR TRACKING LOGCIC
INTO MISSING REPORT LOGIC OF TRIACT
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